Abstract: In the developing chick heart, endothelial cells in the atrioventricular canal (AV) undergo a series of morphological changes and transform into cushion mesenchymal cells. In the present scanning electron microscopic study, we examined the abluminal surface features of the AV endothelium through an artificial window in the myocardial wall. The AV endothelial cell at stages 12 or earlier had a smooth, flattened basal surface with only a few blebs. In the successive stages, the abluminal surface exhibited remarkable changes; 1) the number of blebs increased, 2) elongated microvillous projections emerged, and 3) a thick filopodium, or a migratory appendage developed. It appeared, however, that these changes do not occur synchronously within the entire AV endothelium but were initially observed mostly in the proximity of the endothelial "crease" which was a limited invagination of the endothelial sheet towards the underlying acellular matrix. In addition, even in the proximity of the crease, endothelial cells with flattened basal surfaces were also observed next to endothelial cells that showed apparent morphological indications of transition into mesenchymal cells. These findings suggest that AV endothelial cells are possibly heterogeneous in the Introduction The simple looped tubular heart present at the early stages of chick embryonic development consists of two epithelial cell layers which are an outer myocardium and an inner cardiac endothelium. An acelllular matrix layer termed cardiac jelly (1) intervening these two epithelia is largely concentrated in two discrete segments of the heart; the atrioventricular (AV) canal and the outflow tract (OT). Cardiac jelly is considered as an expanded basement membrane (2) and provides sites for cushion mesenchymal cells to populate. The origin of such cushion mesenchymal cells had been controversial for a long time (3) (4) (5) , but pioneering ultrastructural studies by Markwald et al. (6) (7) (8) showed that endothelially-derived mesenchymal cells populate the cardiac jelly of the AV canal and OT. This finding was further substantiated by a unique expression of the endothelial marker, QH1, in those mesenchymal cells (9) and by in vitro transmigration assay on a 3-D hydrated collagen gel (10) (11) (12) , while cushion mesenchyme in the OT segment of the embryonic heart is known to have dual cellular origins; one from cardiac endothelium as in the AV segment and the other from a neural crest lineage (13, 14) .
The potential of cardiac endothelium to generate the mesenchymal cell population is temporo-regionally restricted (15) and the inherent differences between endothelia in the AV/OT segment and those in the ventricle/atrium are experimentally demonstrated (9, 16) . Briefly, no endothelium in the ventricle or atrium but those in the AV and OT segments could respond to the myocardial inductive signal and transform into mesenchymal cells. However, the possible heterogeneity of endothelium within an AV or OT segment has not received much attention. This might be an issue of significance when one explains how the continuity of cardiac endothelium is preserved during the process of cushion mesenchyme formation, because the endothelial tube will be disintegrated if all of the AV (or OT) endothelial cells respond to the myocardial signal and transform into mesenchymal cells. In other words, a part of the AV or OT endothelial cell populations has to keep an epithelial phenotype.
Cellular changes occuring during the endothelialmesenchymal transition in the AV canal and OT have been investigated ultrastructurally (6) (7) (8) 17, 18) and therefore a typical cascade of such changes which is shown to be reproduced also under an in vitro culture system (18) is now relatively well-known. However, conventional tissuesection transmission studies afforded only a twodimensional view of a limited area. Previous scanning electron microscopic (SEM) studies (6-8) visualized 3-D images of endocardial cells during mesenchymal transition, but the architecture of the developing heart set a topographical restriction in investigating a larger abluminal surface of the AV canal or OT, which would be important in order to elucidate possible heterogeneous behavior of endothelial cells within the AV (or OT) segment. Thus, in the present study, we have used a microdissection technique to make an opening, or "window" in the outer myocardial wall after fixation and examined a larger exposed abluminal surface of the AV endothelium.
Materials
and Methods Fertilized eggs from White Leghorn chickens (Ohata Results A window prepared artificially in the AV myocardial wall allowed us to examine the abluminal surface features of cardiac endothelium (Fig. 1) . The surface showed remarkable temporo-regional changes as detailed below and was morphologically distinct from that of the opposite, luminal side of endothelium and the outer surface of myocardial wall (Figs. 2a,b) .
The AV endothelial cells at stages 12 or earlier had smooth, flattened basal surfaces with only a few blebs, and fine matrical strands were associated with the abluminal side of the endothelium (Figs. 2c, d ). In the successive stages, the basal surface exhibited remarkable temporal changes. It appeared, however, that the changes did not occur synchronously within the entire AV endothelial sheet but started and proceeded in a regionally specific Bifurcated projections with similar characteristics were also observed occasionally. The matrical strands associated with the abluminal side of the endothelium became enriched in the area where the number of microvilli increased (Fig. 3 ). Endothelial cells with many cytoplasmic protrusions were not necessarily distributed evenly within the entire abluminal surface of the AV endothelium but were found frequently in the proximity of the endothelial "crease" which was a limited invagination of endothelial sheet towards the underlying yet acellular cardiac jelly. It should again be noted, however, that not all endothelial cells close to the crease have many microvilli, but only a limited number of endothelial cells are rich in microvilli in their abluminal surface (Figs. 4a,b) . The next step in the series of changes was the formation of filopodia, or migratory appendages (Fig. 4c) . As far as we observed, only one filopodium per cell appeared to be formed in some of the endothelial cells with many microvilli in the earlier stages. Because many mesechymal cells have emerged in the abluminal side of the endothelium shortly after the formation of filopodia, we expected to see more endothelial cells having filopodia, but the actual frequency we observed such endothelial cells was relatively low.
The endothelially-derived mesenchymal cells had several cytoplasmic processes that interconnected with those of the neighboring mesenchymal cells and formed 3-D cellular networks within the cardiac jelly. Fine matrical strands or extracellular fibrils were associated with those cells and their processes and appeared to reinforce the cellular network (Fig. 5) . The 3-D network of mesenchymal cells was located mostly in the proximity of the endothelial crease, and the remaining abluminal side of the endothelium lacked mesenchymal cells. Although the abluminal surface features beneath the 3-D layer of mesenchyme were obscure, some of the endothelial cells which were not overlaid with the mesenchyme had filopodia (Fig. 5b) , suggesting that a cascade of morphological changes was still in progress as in the earlier stages. Discussion A simple "window" approach for SEM observation of the endocardial abluminal surface was successful, probably because of a known fact that the extracellular matrix within cardiac jelly is minimally retained in the conventional fixation method (18) which is basically similar to the one we have employed in the present study. On the contrary, it appears that a peculiar, less routine method is required for the jelly matrices to be better preserved (2, 8) .
An artificial window in the myocardium was prepared in the ventral or left lateral sides (at stages [12] [13] [14] [15] and in the inner curvature side (at stages later on) of the AV myocardial wall, and thus, for example, the abluminal surface shown in Figures 1 and 5a corresponds with that of a ventral or superior AV cushion endocardium (20) . Even in these defined areas within the AV segment, abluminal surface morphology of endothelial cells varied from cell to cell. It was frequently observed that an endothelial cell adjacent to the one with apparent manifestation of mesenchymal transition had a simple basal surface and appeared to be quiescent. This finding could be significant because it may suggest that the AV endothelium consists of at least two kinds of heterogeneous populations; one transforms into mesenchyme and the other remains epithelial. A seemingly homogeneous AV endothelium is likely to be a mosaic of these two populations in order to maintain the cardiac endothelial architecture and its functionality, although the heterogeneity may not necessarily be substantial but rather represent the quantitative difference in their responsiveness to myocardially-secreted inductive signal (21, 22) .
The cascade of changes in the abluminal surface morphology observed in the present study were consistent with those reported previously (6) (7) (8) . Because it started at a range of specific stages of development, the temporal changes did not proceed synchronously in all of the AV endothelial cells competent for transforming into mesenchyme. Runyan et al. (15) revealed by an in vitro assay using a collagen gel that when the stage of the embryo progressed from which AV endothelial culture was prepared, the percentage of endocardial cells showing transmigration activity increased from 18 % (stage 13) to 87 % (stage 18). These statistical data could be explained by our observation that the mesenchymal transition occurred from the larger area of AV endothelium at later stages such as shown in Figure 5b . One of the known cellular changes, a luminally-convexed cobblestone appearance due to cytoplasmic hypertrophy of activated endothelial cells (23) , could not be demonstrated by our observation from the abluminal side. Howevever, based on a previous transmission electron microscopic study (18) , endothelial cells having many microvillous projections observed in our present study would represent those activated cells with a convexed appearance luminally. If this is the case, such activated endothelial cells are initially located preferentially in the proximity of the endothelial crease. This relationship may be explained by a possibly larger influence of myocardial inductive signal on endothelial cells in the proximity of the limited invagination, or crease, which is spatially close to the myocardium.
The number of endothelial cell having a filopodium as a migratory appendage was apparently less than expected. Because a contractile property of such filopodium has been suggested and believed to play a crucial role in endothelial cell seeding to the underlying cardiac jelly matrix (18, 23) , the above finding would indicate that the elongation and subsequent contraction of the filopodium takes place very quickly. Thus endothelial cells competent for transforming into mesenchyme spend a relatively long time for probing the underlying matrix by their microvillous projections, but once a mirgratory appendage is formed, they transmigrate into the jelly tissue without further delay.
